ALARA in Antimicrobial Stewardship: Adapting Radiation Safety Principles to Address Antibiotic Overuse


Background: Despite widespread implementation of antibiotic stewardship programs (ASPs), global antibiotic consumption continues to increase, and antimicrobial resistance remains a growing threat to public health. Current approaches to antibiotic stewardship face significant challenges, including vague guidelines, provider resistance, and insufficient consideration of antibiotic-induced microbiome disruption. Novel frameworks for conceptualizing and implementing antibiotic stewardship are urgently needed.
Methods: We conducted a comprehensive review of antibiotic stewardship literature, examining current challenges, implementation barriers, and outcomes. We analyzed historical parallels between radiation safety evolution and current antibiotic usage patterns, specifically focusing on the development and implementation of the ALARA (As Low As Reasonably Achievable) principle in radiation protection. We synthesized evidence from microbiome science, clinical outcomes research, and behavioral studies to support our proposed framework.
Results: Current antibiotic stewardship approaches show limited effectiveness, with studies indicating that 25-50% of antibiotic prescriptions remain inappropriate. Recent microbiome research reveals that antibiotics may have more profound negative effects than previously recognized, including increased mortality in specific clinical contexts and impaired hematopoiesis. The ALARA framework, successfully employed in radiation safety, offers a promising model for antibiotic stewardship. Key parallels include the recognition that no exposure threshold is completely "safe," the need for robust justification before use, and the importance of cumulative exposure tracking.	Comment by Megli, Christina J: I think if it is structured this way for the abstract then we should perform a systemic review rather than more of a generalized review/opinion piece
Conclusions: Applying ALARA principles to antibiotic stewardship represents a paradigm shift that could transform prescribing practices. This approach would require stronger justification for empiric therapy, emphasize cumulative antibiotic exposure tracking, and promote development of rapid diagnostics. While implementation challenges exist, the ALARA framework provides a structured approach for reducing unnecessary antibiotic exposure while maintaining clinical effectiveness. Future research should focus on developing specific metrics and implementation strategies for this novel approach to antibiotic stewardship.
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Challenges with contemporary antimicrobial stewardship

The worrisome global spread of antimicrobial resistance (AMR)1 has been accompanied by an equally formidable expansion of antibiotic stewardship programs2.  In the US, the Centers for Disease Control and Prevention and The Joint Commission have each published recommendations and mandates for antibiotic stewardship programs (ASPs).  As a result, hospitals are now obligated to hire and maintain sizeable teams tasked with a singular priority: antibiotic stewardship. In 2015, the CDC introduced the standardized antibiotic administration ratio (SAAR), a metric of actual to expected antibiotic usage3, and US hospitals must now report SAAR results to The Centers for Medicare and Medicaid Services4. Guidelines also exist in the outpatient setting5, where antibiotic stewardship is widely acknowledged to be challenging if not impossible6.

How do we know if or when antibiotic stewardship programs are successful? The goals of these programs are to reduce antibiotic usage and restrict antibiotics to narrow spectrum to reduce off target effects. The overall goal is to reduce the development of antimicrobial resistance while improving patient outcomes. Yet, the data on improved clinical outcomes are sparse.  Despite the implementation of these practices, antimicrobial resistance has continued to rise, particularly in global populations that do not implement these programs.  

Moreover, antimicrobial stewardship programs were designed and initially implemented in older adults. Several studies have suggested that these programs are failing patient populations that are at high risk for adverse events with medication exposures: namely pregnant women and infants. In these populations the use of broader spectrum antimicrobials has increased substantially despite a lack of data that bacterial resistance has changed suggesting that antibiotic stewardship is failing these populations.  Moreover, in both of these populations the use of antimicrobials targeting cell division or growth as well as the depletion of the microbiome can have long term effects. Importantly, the absence of clinical outcomes data for these populations at large, the utility of antimicrobial stewardship remains unclear. These are important questions because antibiotic stewardship programs are burdensome top-down administrative initiatives that can contribute to workforce burnout8, or, as one author labelled it: death by a thousand clicks9.  

Naturally, we hope that ASPs would decrease total antibiotic usage, but one study of antibiotic awareness campaigns across several countries found that only 30% of initiatives actually measured the impact of the campaigns on antibiotic usage7. Even if they are not demonstrably reducing antibiotic usage, can we rest comfortably knowing that ASPs do more good than harm? Antibiotic stewardship officers rightfully believe that they are doing good, but what if this assumption is false?

Mandates and guidelines with imprecise language are problematic10. This is true of governmental regulations as well as antibiotic stewardship programs11,12. The stated goals of ASPs include “optimizing” antibiotic use, but even the most rigorous of society guidelines cannot possibly define the “optimal” use of antibiotics. The CDC recommends the use of antibiotics only “when needed” but those in the trenches of patient care will know that physicians, physician assistants, and nurse practitioners worldwide can be expected to disagree fiercely about whether or not antibiotic treatment is “needed” in any given scenario13. Even ID specialists disagree about the appropriateness of antimicrobial prescribing14! Published guidelines for stewardship also neglect the reality that antibiotics can be purchased without prescriptions in most countries outside the US, and the fact that a substantial amount of antibiotic usage involves livestock or domesticated animals15. and is this unrelated to treating human patients. In this light, it becomes evident that ASPs may not actually matter at all unless stewardship campaigns extend to non-human usage16. This was the motivation for developing the OneHealth initiative to examine AMR across species, not just humans17.	Comment by Megli, Christina J: I am not sure this paragraph is relevant

Notwithstanding the limitations above, several metrics or heuristics could be adopted to assess whether antibiotic usage patterns are being “optimized.” An exhaustive review and meta-analysis on this subject found some evidence linking ASPs with improved clinical outcomes does exist but concluded that the quality of the data was generally quite poor due to bias18. As noted, the CDC has developed standardized antimicrobial administration ratio SAAR, but this has been met with skepticism4. The following are additional parameters that can be helpful in judging the success of ASPs:.  

(1) Rates of antibiotic usage. Although it is difficult to quantify antibiotic usage at scale, nearly all attempts to do so demonstrate steadily increasing worldwide antibiotic usage19–21. Unfortunately this is especially true of drugs with broad-spectrum activity22,23. Some evidence indicates that AMR stewardship programs are effective at reducing total days of antibiotic treatment but do not affect the total number of patients started on antibiotics24. 
(2) Appropriateness of antibiotic usage. Although studies on this subject have identified recent improvements25, most indicate that at least 25-50% of antibiotic prescriptions are completely unnecessary, inappropriately broad spectrum (i.e. bug-drug mismatch), or excessive in duration26–29. 
(3) Global burden of resistance. Data about the epidemiology of drug resistance are sparse, which is surprising considering the amount of coverage that the topic receives.  However, numerous global analyses suggest that the number of deaths attributable directly to AMR is high and getting higher1,30. 
(4) Adverse drug events (ADEs).  No class of drugs is more likely to cause adverse drug events than antibiotics31. Such ADEs include well known gastrointestinal complications but also hematologic, renal, and immune reactions. The true incidence of ADEs is difficult to track overall but the incidence of C. difficile infection colitis can be used as a reliable surrogate in adult patients. At least one rigorous single-center study found that implementation of CDC sponsored methods for preventing CDI (including AMR stewardship) was not associated with decreased incidence of disease32.  By contrast, other studies indicate that CDI among hospitalized patients and mortality from CDI have decreased in recent years, but the incidence of recurrent CDI and CDI among outpatients are both increasing sharply33. 
(5)  Patient outcomes. As noted above patient outcomes are not routinely measured. The goal of antimicrobial stewardship is to use appropriate antibiotics to reasonably treat pathogens while minimizing ADE. This should improve clinical outcomes, limiting ADEs and improving long term health outcomes. Yet- these are not routinely monitored. 

Reasonable observers might conclude that the success of the current generation of ASPs is underwhelming. This is not to suggest that ASPs should be eliminated or even altered, but we should not blindly assume that ASPs as they currently stand are going to solve the worsening problem of AMR and/or improve patient outcomes.  
Decisions affecting antimicrobial use and antimicrobial stewardship
	It is also essential to understand how patient and provider preferences and decision making can interfere with antimicrobial steward ship. This limits the ability to effectively evaluate and implement valuable programming. 

Much has been written about general challenges in implementing top-down initiatives at scale34. However, the problem in the present case may simply lie in the assumption that providers are rational agents that will respond appropriately to published guidelines35. This may not in fact be true. Behavioral studies of antibiotic prescribing behaviors provide strong evidence that physicians are motivated significantly by fear of mistakes36, and at times this fear outweighs concern about adverse effects or desire to follow published guidelines.  Moreover, “rationality” is not a fixed trait. For example, data suggest that seasonality, time of day and overall clinician workload each impact antibiotic prescribing practices37–39.  The IDSA developed a core antibiotic stewardship curriculum but found lack of time among faculty to be a primary barrier to implementation40. 

Even if humans were willing and able to adhere to guidelines, there are several common real-world scenarios that are not adequately addressed by ASPs.  A common final pathway amongst these scenarios tends to be the decision to use antibiotics “just in case”41–43
There is also an abundance of use of antibiotics for prophylaxis or “just in case” in non-operative settings highlighting a providers fear of infection without clear evidence that antibiotic use improves global outcomes. There are several clinical scenarios that highlight this use.  Antibiotic prophylaxis is used frequently for urinary tract infections but in older adults, the recent data suggest that harms outweigh any minimal benefits. Newborn preterm infants are often unilaterally started on antibiotics in the absence of infection without data that this improves short or long term outcomes. Antibiotic prophylaxis in dental procedures overused with >80% of presecriptions inappropriate and has been linked to serious ADEs. In obstetric patients, antibiotics are used to prolong pregnancy in the setting of premature preterm rupture of membranes in the absence of any clinical infection, but have been shown to increase adverse neonatal outcomes.  The ADE and long term effects are often not routinely assessed with prophylactic use. Moreover these prophylactic and just in case scenarios of antibiotic prescribing are not often addressed by antimicrobial stewardship committees. 

The true hidden scourge of ASPs is empiric prescription of antibiotics -- the wildly common scenario of prescribing one or more antimicrobials before confirming that a patient is infected45. This is understandable if a patient is critically ill, but this problem is also relatively uncommon. Most unnecessary antibiotic usage involves clinically stable patients in hospitals or in outpatient settings such as long-term care facilities and primary care offices.  The CDC stewardship guidelines for these settings are remarkably vague and provide little help for real-time decision making amongst providers. Most unnecessary prescriptions for antibiotics probably could be avoided with a strategy for watchful waiting, but such a strategy is hard – it requires “buy in” from all stakeholders as well as an infrastructure for follow-up evaluations to ensure that patients are improving without antibiotics. 

An unusual but illustrative example is indefinite or even life-long antibiotic therapy “just in case”. For example, indefinite antibacterial treatment is currently recommended to prevent sepsis after splenectomy or to suppress infection in the context of infected prosthetic grafts that cannot be safely removed44.  Aside from data regarding splenectomy for children with sickle cell anemia, there are few data to support either practice. It is certainly possible that prescribing antibiotics “just in case” is a valid preventative approach, but there are no data to prove or disprove this idea. And so longstanding practices continue unquestioned and without assessment of patient outcomes.


 A major challenge in the implementation of antimicrobial stewardship is the use of other antimicrobial related top-down initiatives focused on quality improvement without respective patient outcomes data and without analysis of the outcomes recommended above. Two of these top-down initiatives that conflict directly with antimicrobial stewardship efforts include “bundles” for perioperative care and sepsis. 

Much has been written about general challenges in implementing top-down initiatives at scale34. However, the problem in the present case may simply lie in the assumption that providers are rational agents that will respond appropriately to published guidelines35. This may not in fact be true. Behavioral studies of antibiotic prescribing behaviors provide strong evidence that physicians are motivated significantly by fear of mistakes36, and at times this fear outweighs concern about adverse effects or desire to follow published guidelines.  Moreover, “rationality” is not a fixed trait. For example, data suggest that seasonality, time of day and overall clinician workload each impact antibiotic prescribing practices37–39.  The IDSA developed a core antibiotic stewardship curriculum but found lack of time among faculty to be a primary barrier to implementation40. 

Even if humans were willing and able to adhere to guidelines, there are several common real-world scenarios that are not adequately addressed by ASPs.  A common final pathway amongst these scenarios tends to be the decision to use antibiotics “just in case”41–43.  An unusual but illustrative example is indefinite or even life-long antibiotic therapy. For example, indefinite antibacterial treatment is currently recommended to prevent sepsis after splenectomy or to suppress infection in the context of infected prosthetic grafts that cannot be safely removed44.  Aside from data regarding splenectomy for children with sickle cell anemia, there are few data to support either practice. It is certainly possible that prescribing antibiotics “just in case” is a valid preventative approach, but there are no data to prove or disprove this idea. And so longstanding practices continue unquestioned.

Although thought provoking, cases involving indefinite treatment are rare. The true hidden scourge of ASPs is empiric prescription of antibiotics -- the wildly common scenario of prescribing one or more antimicrobials before confirming that a patient is infected45. This is understandable if a patient is critically ill, but this problem is also relatively uncommon. Most unnecessary antibiotic usage involves clinically stable patients in hospitals or in outpatient settings such as long-term care facilities and primary care offices.  The CDC stewardship guidelines for these settings are remarkably vague and provide little help for real-time decision making amongst providers. Most unnecessary prescriptions for antibiotics probably could be avoided with a strategy for watchful waiting, but such a strategy is hard – it requires “buy in” from all stakeholders as well as an infrastructure for follow-up evaluations to ensure that patients are improving without antibiotics. 

The surviving sepsis campaign sepsis care bundles were developed in the early 2000s to reduce sepsis- associated mortality, the goals for reducing sepsis-associated mortaility are important but more recent guidelines were not endorsed by IDSA primarily due to inappropriate antibiotic use.  A major part of the sepsis campaign includes adoption of Time To Antibiotics (TTA) as a measurable metric of so-called “quality”.  The Surviving Sepsis Campaign, funded partly by the pharmaceutical industry 47, was introduced as a benchmark of administering empiric antibiotics within 1 hour of identifying a patient with “possible sepsis”.  Practically,  it is difficult in any cases to accurately determine if a patient is infected within 1 hour of presentation.  Thus, the path of least resistance is to “play it safe” by starting empiric treatment regardless of the reality that “possible sepsis” in most cases is entirely subjective. Unfortunately over 40% of patients admitted to the ICU with presumed sepsis under these campaigns did not have an infection in one study.  Another prospective multicenter study of suspected nosocomial infection, only one in five subjects receiving empiric antibiotics had a confirmed infection, and empiric treatment was frequently continued in the absence of infection48. In our clinical experience, we support the IDSA’s concern as illustrated in their position statement “ We are fearful, however, that stipulating an aggressive, fixed time period "from the time of recognition" may lead to unintended consequences, namely, an increased likelihood that broad-spectrum antibiotics will be given more frequently to uninfected patients with syndromes that look like infections in the rush to meet the fixed frame stipulated for infected patient”. We have experienced that antibiotics are empirically given inappropriately.  Experts have similarly advocated for watchful waiting for inpatients and emergency department patients, in the absence of severe disease46. But this effort runs counter to the widespread adoption of Time To Antibiotics (TTA) as a measurable metric of so-called “quality”.  The Surviving Sepsis Campaign, funded partly by the pharmaceutical industry 47, was introduced as a benchmark of administering empiric antibiotics within 1 hour of identifying a patient with “possible sepsis”.  Obviously, it is implausible in most cases to accurately determine if a patient is infected within 1 hour of presentation.  Thus, the path of least resistance is to “play it safe” by starting empiric treatment regardless of the reality that “possible sepsis” in most cases is entirely subjective. In a prospective multicenter study of suspected nosocomial infection, only one in five subjects receiving empiric antibiotics had a confirmed infection, and empiric treatment was frequently continued in the absence of infection48. Worse still, the empiric choice of antimicrobials in the emergency department increasingly includes drugs with activity against resistant organisms or Pseudomonas despite the relatively low prevalence of drug-resistant pathogens in this setting23. Indeed, retrospective studies have demonstrated that bundles of “goal-directed care,” such as those spelled out by the Surviving Sepsis Campaign, increase health care expenditures but do not improve clinical outcomes49. The obvious question is whether providers and patients alike could tolerate a period of watchful waiting before starting ABX, but this question becomes moot in the face of pressure to meet benchmarks for TTA. Experts have  advocated for watchful waiting for inpatients and emergency department patients, in the absence of severe disease46. The obvious question is whether providers and patients alike could tolerate a period of watchful waiting before starting ABX, but this question becomes moot in the face of pressure to meet benchmarks for TTA.



The modern health care system thrives on quality metrics and data dashboards but often do so in the absence of evidence of improved patient outcomes50, and not surprisingly the one-hour benchmark for antibiotic administration has spread beyond the generic question of whether a patient is septic.  A salient example is the adoption of TTA as a newly established metric of quality for febrile pediatric cancer patients with possible neutropenia. TTA has now been incorporated into criteria for US News & World Report hospital rankings despite a lack of high-quality evidence51.  In practice, many such cancer patients are seen in an outpatient setting where antibiotic administration can be carried out quickly while providers await lab results.  Naturally, this contributes to higher antibiotic usage, prompting content experts to opine in 2022 that  “the 1-hour metric should be suspended to enable performance of research studies to better determine optimal TTA targets for febrile neutropenia and non-neutropenic fever.51” Again, watchful waiting in clinically stable patients would be a compelling strategy for antibiotic stewardship, but this effort is undermined by the TTA metric.

I think we also can have a piece to discuss operative bundles here as well—but we can also exclude. 

Antibiotics, the microbiome, and adverse outcomes

The time has come for the medical community to realize that the concept of “at least it won’t hurt52” is a fatally flawed concept when it comes to prescribing antibiotics. The renaissance in microbiome science over the past two decades has drawn attention to the trade-offs inherent in using antibiotics. Key studies from the NIH-funded Human Microbiome Project53,54 and related initiatives have revealed that many bacteria are commensal organisms serving vital functions including priming the immune system and regulating metabolism. In parallel, compelling animal and human studies have now detailed the degree to which antibiotic treatment decimates the microbiome55–58 and paradoxically increases susceptibility to infection. Mechanistic research has shown that antibiotics can profoundly alter host metabolism and immune repertoire, induce oxidative stress59, and promote pathogen invasion.  A prominent and clinically important example is the increased risk of secondary bacterial infection in patients with influenza that inappropriately receive antibacterials60.

The harsh reality is that most complications from ABX usage in humans go unrecognized and the downside of inappropriate ABX usage extends beyond the well-known risks of antimicrobial resistance61. In fact, ABX are more likely than any other class of drugs to be associated with adverse drug events (ADEs)31,62–66. ADEs include not only familiar GI disturbances such as C. difficile infection, but also hematologic complications such as neutropenia and leukopenia, and are associated with increased length of hospital stay, cost of care, and risk of mortality42. Importantly, even in the absence of recognized ADEs, ABX treatment in specific clinical contexts can be associated with catastrophic outcomes. For example, ABX exposure has been identified as an independent risk factor for mortality in ICU67, foodborne illness43, hospital readmission for sepsis within 90d of hospital discharge44, graft-versus-host disease after BM transplantation45, and necrotizing enterocolitis and death among preterm infants46,47. The pathophysiology underlying these complications is not well understood but that does not obscure the inconvenient truth  that eradicating the gut microbiome with antibiotics can be harmful to patients, at least in some circumstances. 

A fascinating thread to emerge is the connection between the gut microbiome and bone marrow function, and the off-target effects of antibiotics on this relationship68. Many studies have now reported impaired hematopoiesis in germ free and antibiotic treated animals48–54. Antibiotic-induced changes such as decreased bone marrow cellularity, anemia, thrombocytosis, and leukopenia appear to be independent of treatment duration, route of administration, or even the choice of specific antimicrobial agents69. The findings in animal models are believed to recapitulate hematologic effects of ABX in human patients. Admittedly, extrapolating animal research to human physiology is challenging because of a litany of confounding variables among patients receiving antibiotics.  There is an obvious need for clinical trials or longitudinal cohort studies evaluating the impact of antibiotics on physiology or immune function in healthy volunteers. 

Taken together, the remarkable new knowledge about the importance of the microbiome – and how it is damaged by antibiotics – raises the spectre that antibiotics are unwittingly worsening outcomes in a broad range of medical scenarios. It is conceivable that eradication of the microbiome with antibiotics is inferior to a period of watchful waiting.  Stated otherwise, administering antibiotics without cause may directly violate the inviolable marching orders primum non nocere. This is a testable hypothesis.



It has been noted that AMR initiatives suffer from a quirky problem70: although ASPs are broadly accepted by those with technical knowledge about the subject, the concept of AMR does not resonate with the lay public or even clinicians without technical knowledge. The same dynamic can be seen with climate science and public policy. Those that support antibiotic stewardship and/or climate change policiesolicy are understandably frustrated (or worse) that most people do not prioritize these issues. For this reason, exasperated stakeholders have cried for new messaging campaigns. Below, we argue that ASPs would benefit from lessons learned by clinicians and policy makers involved in radiation safety over the past century.    

Initially developed by the International Commission on Radiological Protection in 1954, the principle of ALARA (As Low As Reasonably Achievable) emerged from the dark shadows of early radiation research71. Marie Curie's death from aplastic anemia72 and the wartime devastation of Hiroshima and Nagasaki awakened the scientific community to radiation's hidden dangers73. By the 1950s, mounting evidence of genetic mutations, cancer clusters among radiologists74, and bone necrosis in radium dial painters75 made it impossible to ignore these risks. The ALARA principle holds that even if radiation exposure may be within legal (acceptable) limits, all exposures should be reduced as much as possible given practical constraints of money, time, and human and material resources. Real-world examples of ALARA in practice include relocating clerical personnel away from a radiation source storage area and adding additional lead shielding to a radiation treatment vault during renovation to further reduce exposure in adjacent rooms. Although it may seem far-fetched at present, it is conceivable that future health and safety initiatives could integrate principles of ALARA in antibiotic stewardship. 

The path to adopting ALARA in radiation safety was tortuous and far from smooth76. Physicians resisted wearing "cumbersome" aprons, arguing they impeded their work. Some radiologists even prided themselves on their radiation burns as badges of experience77. However, as evidence mounted and public awareness grew, particularly after incidents like the 1979 Three Mile Island accident in the United States, ALARA became enshrined in radiation safety culture. ALARA represented a paradigm shift to a more nuanced approach arising from the uncomfortable truth that there is no "safe" threshold for radiation exposure. Implicit in ALARA was a realization that stakeholders would be expected disagree about how to define “as low as reasonably achievable” in different contexts. Some modern-day critics of ALARA lament the vagueness of ALARA, but most agree that ALARA was a step in the direction towards safety and improved outcomes.  


The ALARA playbook could serve as a blueprint for transforming antibiotic use 

Could it be true that there is no “safe” threshold for antibiotic exposure? Just as early radiologists initially used X-rays without understanding their risks, we may eventually look back at the first decades of antibiotic use and blush with embarrassment over our liberal prescribing practices. As noted, most studies agree that antibiotic usage is increasing over time in every health care sector – among the old and the young alike, among inpatients and outpatients, and in developed and undeveloped nations. The unavoidable conclusion is that current approaches to antibiotic stewardship are not adequate if we are hoping to mitigate long term effects of antibiotic exposure.  

Like radiation, antibiotics offer indisputable medical benefits but carry hidden costs that manifest over time. In fact, the costs of using antibiotics are arguably more hidden than the costs of radiation exposure. By now, the public is familiar with the emergence of antibiotic-resistant organisms which itself represents an abstract and intangible threat that can be hard to embrace. Even worse, a critical blind spot for both the public and their health care providers is the underrecognized reality that antibiotics can worsen health care outcomes in real time at the individual level. In addition to the previously mentioned of increased mortality after antibiotic exposure, important studies of cancer patients have shown that broad-spectrum antibiotic use can be associated with increased mortality as a result of dismantling the healthy microbiome78–80. Countless reports have identified additional associations between antibiotics and adverse outcomes in other clinical contexts, e.g. inflammatory bowel disease, often by analyzing retrospective population-level data. Proving causality is challenging, however, and in fact may be impossible due to confounding variables that were not relevant to radiation safety. 

Applying ALARA to antibiotic use would require treating these drugs more like radiation-- beneficial but inherently risky tools to be used judiciously. As noted, current practice often defaults to using empiric antibiotics "just in case," but an ALARA approach would demand much stronger justification. With radiation protection, ALARA emphasizes three key principles that evolved through decades of practical application: justification, optimization, and dose limitation81. These map remarkably well to antibiotic stewardship. Before prescribing antibiotics to a symptomatic patient, clinicians could try to lower the risk-benefit ratio as low as reasonably achievable.  Justifying antibiotic prescriptions in the future might involve unambiguous confirmation of bacterial infection, which will require a new generation of rapid diagnostic technologies. Once antibiotic use is justified, the treatment should be optimized to balance efficacy with dose limitation. This would parallel the evolution of radiation protection measures, from basic lead shields to sophisticated dose-reduction technologies. For antibiotics, this means selecting narrow-spectrum agents when possible after considering local resistance patterns and using the shortest effective treatment duration. Interestingly, ALARA establishes cumulative dose limits for radiation exposure, a practice developed through decades of epidemiological research and international cooperation. Similarly, cumulative antibiotic "budgets" could be established for both individual patients and healthcare facilities, encouraging judicious use while providing metrics to be tracked longitudinally. Patients should be made aware when they have exceeded their budget for antibiotic exposure.

Defining the "reasonably achievable" in the context of ASPs will undoubtedly prove contentious. With radiation, physical barriers and distance provide clear protection metrics. Antibiotic stewardship is more nuanced. What risk of bacterial infection justifies empiric treatment? How long should we wait for culture results and what percentage of false negatives can we tolerate? Can one approach be applied to both pediatric and adult patients? Should risk-benefit analyses during pregnancy consider the increasingly recognized problem of transplacental transfer of antibiotics82? These questions will require careful study and consensus-building. Key considerations might include individual patient risk factors (immunocompromised vs immune competent), economic factors (cost of diagnostic testing vs. cost of empiric treatment), available technology and expertise in different healthcare settings, and geographic and demographic variations in resistance patterns. Clear guidelines from professional societies and local experts will be essential for defining necessary use.

Until the perception of antibiotics changes, we should expect opposition to any proposals that will materially limit antibiotic usage. Today's physicians may object that withholding empiric antibiotics increases risk, just as their predecessors resisted radiation protection measures. Administrators may balk at the cost of rapid diagnostics, echo chambers of decades past who questioned the expense of radiation shielding. Emergency departments may argue that time pressure precludes careful antibiotic deliberation, reminiscent of early radiologists who claimed that protective gear slowed them down. Pharmaceutical companies may contend that research to develop new drugs is not justified if antibiotic prescriptions decrease. There would be inevitable discussions about liability, and it will take time to develop and validate rapid diagnostic tools.

Finally, because patients themselves often demand antibiotics, public health campaigns will probably be needed to share information widely. Just as the public gradually recognized radiation risks through tragic examples, growing awareness of the risks of antibiotic usage including personal experiences with resistant infections could eventually drive demand for more judicious use. The challenge lies in achieving this awareness before, rather than after, the crisis becomes unmanageable. The question is not whether such changes will be difficult - they undoubtedly will be - but whether we can afford not to make them. 





 



 
